INTRODUCTION
============

Flavonoids have many biological effects including inhibiting carcinogenesis, reducing the level of low-density lipoprotein, decreasing hypertension, and reducing the levels of reactive oxygen species (ROS).[@b1-jcp-21-041]--[@b4-jcp-21-041] Hyperoside is a type of flavonoid and has many biological functions including the antidepressant activity, increasing the levels of serotonin, and a protective effect against oxidative stress.[@b4-jcp-21-041],[@b5-jcp-21-041] One of hyperoside' effects is antioxidant activity, which can prevent cytotoxicity induced by ROS. However, the effects and molecular mechanisms underlying hyperoside-mediated antioxidant activity are not fully understood.

ROS include the superoxide anion (O~2~^−^), the hydroxyl radical (HO •), and hydrogen peroxide (H~2~O~2~). Oxidative stress has been strongly linked with the onset of various physical diseases.[@b6-jcp-21-041],[@b7-jcp-21-041] There exist enzymatic antioxidant defense systems including NADH: quinone oxidoreductase 1, superoxide dismutase, and heme oxygenase-1 (HO-1). HO-1 is a rate-limiting enzyme in heme degradation and also known as 32 kDa heat shock protein. In various model systems, HO-1 induction protects tissues from oxidative injuries, while abrogation of HO-1 induction accelerates cellular injuries.[@b8-jcp-21-041]

A number of intracellular signaling molecules are involved in regulating the induction of HO-1. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a major transcription factor of HO-1. In normal conditions, Nrf2 is located in the cytosol fraction and bound to the inhibitor protein Kelch-like ECH-associated protein-1 (Keap1). Upon signaling, Nrf2 separates from Keap1 and translocates into the nucleus. Nrf2 heterodimerizes with small Maf and binds to antioxidant response element (ARE) sequences, thereby transcriptionally activates HO-1.[@b9-jcp-21-041]--[@b11-jcp-21-041]

The present study investigated the protective activity of hyperoside against hydrogen peroxide-induced oxidative stress in HLE-B3 human lens epithelial cells, which is used for investigating human lens epithelial physiology and studying oxidative stress.[@b12-jcp-21-041],[@b13-jcp-21-041] The results suggest that hyperoside efficiently protects cells against oxidative stress by inducing HO-1 expression. Moreover, we also examined the molecular mechanism underlying HO-1 induction in hyperoside-treated cells, which involved activation of extracellular signal-regulated kinase (ERK) and the Nrf2-ARE signaling pathway.

MATERIALS AND METHODS
=====================

1.. Materials
-------------

Hyperoside (quercetin-3-D-galactoside; [Fig. 1](#f1-jcp-21-041){ref-type="fig"}) and U0126 were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Dulbecco's modified Eagle medium (DMEM), FBS, and a penicillin/streptomycin/fungizone mixture were obtained from Gibco BRL (Grand Island, NY, USA). Anti-phospho ERK and anti-ERK antibodies were provided by Cell Signaling Technology (Beverly, MA, USA). Anti-Nrf2 antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and anti-HO-1 antibody was supplied by Stressgen Biotechnologies (Victoria, BC, Canada).

2.. Cell culture
----------------

HLE-B3 cells were grown in DMEM supplemented with 20% FBS and penicillin/streptomycin in a humidified atmosphere containing 5% CO~2~ at 37°C.

3.. Reverse transcriptase-polymerase chain reaction
---------------------------------------------------

Total RNA was isolated from cells using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Reverse transcriptase (RT)-PCR was performed following standard procedures. Amplification products were resolved by 1.2% agarose gel electrophoresis. Primers were purchased from Bionics (Seoul, Korea). PCR conditions were as follows: HO-1, 25 cycles of 95°C for 1 minute, 60°C for 1 minute, and 72°C for 2 minutes, and house-keeping gene glycera-ldehyde-3-phosphate dehydrogenase (GAPDH), 26 cycles of 94°C for 1 minute, 56°C for 2 minutes, and 72°C for 2 minutes. The primer pairs were as follows (forward and reverse, respectively): HO-1, 5′-CAG GCA GAG AAT GCT GAG TTC-3′ and 5′-GAT GTT GAG CAG GAA CGC AGT-3′, GAPDH, 5′-AAG GTC GGA GTC AAC GGA TTT-3′ and 5′-GCA GTG AGG GTC TCT CTC CCT-3′.

4.. Western blot analysis
-------------------------

For immunoblot analysis, cells were washed two times in PBS, and proteins were extracted with lysis buffer (50 mM Tris-HCl, pH 8.0, 2 mM EDTA, and 1% Triton X-100) supplemented with a protease inhibitor cocktail tablet. After incubation on ice for 20 minutes, the lysates were centrifuged at 12,000 ×*g* for 15 minutes at 4°C. The protein concentration of supernatant was measured using bicinchoninic acid reagents (Pierce, Rockford, IL, USA). Protein samples (30--50 μg) were separated onto a 12% SDS PAGE gel and transferred to a nitrocellulose membrane (Amersham Pharmacia Biotech, Piscataway, NJ, USA). The blots were blocked for 1 hour at room temperature in fresh blocking buffer (0.1% Tween-20 prepared in PBS containing 5% non-fat dry milk). The blots were incubated with primary antibodies diluted with PBS containing 3% non-fat dry milk at 4°C and then further incubated with horseradish peroxidase-conjugated secondary antibodies diluted in PBS containing 3% non-fat dry milk for 1 hour at room temperature. The blots were incubated in enhanced chemiluminescence substrate solution (Amersham Pharmacia Biotech) for 1 minute according to the manufacturer's instructions.

5.. Preparation of nuclear proteins
-----------------------------------

After treatment with hyperoside, cells were washed with ice-cold PBS, scraped in 1 mL of PBS, and centrifuged at 12,000 ×*g* for 30 seconds at 4°C. Pellets were suspended in 200 μL of hypotonic buffer (10 mM HEPES, pH 7.8, 10 mM KCl, 2 mM MgCl~2~, 1 mM dithiothreitol, 0.1 mM EDTA, and 0.1 mM phenylmethylsulfonyl fluoride) for 15 minutes on ice, and 12.5 μL of 10% Nonidet P-40 solution was added. Samples were incubated for 5 minutes and then centrifuged for 6 minutes at 12,000 ×*g*. The nuclei were washed once with 400 μL of PBS, suspended in 70 μL of buffer (50 mM HEPES, pH 7.8, 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, and 10% glycerol) for 20 minutes on ice, and centrifuged for 6 minutes at 12,000 ×*g*. The supernatant containing nuclear proteins was collected and stored at −70°C after determination of the protein concentration.

6.. Electrophoretic mobility shift assay
----------------------------------------

A synthetic double-stranded oligonucleotide containing the Nrf2-binding domain (ARE) was labeled with \[γ-^32^P\]ATP using T4 polynucleotide kinase and separated from unincorporated \[γ-^32^P\]ATP by gel filtration using a nick spin column (Pharmacia Biotech, Bjorkgatan, Sweden). Prior to addition of the ^32^P-labeled oligonucleotide (100,000 cpm), 10 μg of the nuclear extract was incubated on ice for 15 minutes in gel shift binding buffer (20% glycerol, 5 mM MgCl~2~, 2.5 mM EDTA, 2.5 mM DTT, 250 mM NaCl, 50 mM Tris-HCl, pH 7.5, and 0.25 μg/mL poly \[dI-dC\]). DNA-protein complexes were resolved by 6% polyacrylamide gel electrophoresis at 200 V for 2 hours, followed by autoradiography.

7.. Transient transfection and the reporter gene assay
------------------------------------------------------

Cells were plated at a confluency of 90% to 95% in a 6-well plate. Transient transfections were performed using Lipofectamine 2000 (Invitrogen) with 1 μg of DNA (plasmids including ARE-luciferase gene, the GC-mut-Luc construct, and the control vector) per 2 μL of N-\[1-(2,3-dioleoyloxy)propyl\]-N,N,N-trimethylammonium methyl-sulfate. After 8 hours, the cells were treated with hyperoside for 12 hours and lysed using reporter lysis buffer. After mixing the cell extract with a luciferase substrate (Promega, Madison, WI, USA), luciferase activity was measured using a luminometer.

8.. Immunofluorescence staining
-------------------------------

Cells were washed with PBS, incubated for 1 hour in 4% formaldehyde, washed twice with PBS, and incubated with 0.2% Triton-X in PBS. Then, the cells were washed with PBS and blocked with 5% bovine serum albumin (BSA) solution for 2 hours at room temperature. Primary antibodies were diluted in PBS containing 3% BSA and incubated with samples for 1 hour at room temperature. Following three washes with 0.2% Triton-X in PBS, the cells were incubated with fluorescein isothiocyanate-conjugated secondary antibodies diluted in PBS containing 3% BSA for 1 hour at room temperature. After washing with PBS three times, the cells were treated with mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI) (Vector, Burlingame, CA, USA) and the image was assessed using fluorescence microscopy.

9.. MTT assay
-------------

Cells were plated in 48-well plates, incubated for 12 hours after treatment with hyperoside (100 μM) and/or ZnPP (10 μM), and treated with hydrogen peroxide for 12 hours. MTT reagent was added and incubated at 37°C for 2 hours. After removing the media, samples were dissolved in 300 μL of dimethyl sulfoxide and were transferred to 96-well plates. Absorbance was read at 540 nm.

10.. Statistical analysis
-------------------------

All values were demonstrated as mean ± SE. The results were subjected to ANOVA followed by the Tukey's test to examine significant differences between values. *P* \< 0.05 was considered statistically significant.

RESULTS
=======

1.. Increased heme oxygenase-1 mRNA and protein expression in hyperoside-treated cells
--------------------------------------------------------------------------------------

To investigate whether hyperoside can induce HO-1 gene expression in HLE-B3 cells, cells were treated with 100 μM hyperoside. RT-PCR analysis showed that expression of HO-1 mRNA was significantly increased in hyperoside-treated cells at 4 hours ([Fig. 2A](#f2-jcp-21-041){ref-type="fig"}). In parallel with the elevated mRNA expression, the protein level of HO-1 was increased by hyperoside treatment in a time-dependent manner ([Fig. 2B](#f2-jcp-21-041){ref-type="fig"}). In addition, hyperoside treatment induced both mRNA and protein expression of HO-1 in a concentration-dependent manner ([Fig. 2C and 2D](#f2-jcp-21-041){ref-type="fig"}).

2.. Increases in the nuclear translocation and antioxidant response element-binding activity of nuclear factor erythroid2-related factor-2 in hyperoside-treated cells
----------------------------------------------------------------------------------------------------------------------------------------------------------------------

Nrf2 is one of the transcription factors that modulate HO-1 expression. To evaluate the ability of hyperoside to stimulate Nrf2 activation, Western blotting and electrophoretic mobility shift assay were performed with nuclear extracts derived from hyperoside-treated cells. Nuclear Nrf2 expression was observed clearly at 3 hours after hyperoside treatment ([Fig. 3A](#f3-jcp-21-041){ref-type="fig"}). ARE-binding activity was assessed by incubating nuclear extracts with radiolabelled oligonucleotides harboring the specific binding site of Nrf2. Nuclear extracts of hyperoside-treated cells showed increased ARE-binding at 3 hours ([Fig. 3B](#f3-jcp-21-041){ref-type="fig"}).

To determine whether hyperoside treatment induces Nrf2-dependent gene transcription, cells were transfected with the ARE-Luc vector (a construct containing the ARE-binding site ligated to the luciferase gene). When transfected cells were incubated with hyperoside for 12 hours, Nrf-ARE reporter gene activity increased by approximately 2.5 fold. In addition, transient transfection with GC-mut-Luc (a construct containing a mutant form of the GC dinucleotide at the 3′ end of the ARE core, which is essential for ARE function) rendered cells less responsive to hyperoside in terms of induction of ARE reporter gene activity ([Fig. 3C](#f3-jcp-21-041){ref-type="fig"}). Immunocytochemistry also showed the nuclear translocation of Nrf2 at 3 hours after hyperoside treatment ([Fig. 3D](#f3-jcp-21-041){ref-type="fig"}).

3.. Activation of extracellular signal-regulated kinase and upstream kinase in nuclear factor E2-related factor-2-antioxidant response element signaling of hyperoside-treated cells
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Activation of ERK was monitored by Western blot analysis using phospho-specific antibodies. The phosphor form of ERK (active ERK) was detected at 15 minutes in hyperoside-treated cells ([Fig. 4A](#f4-jcp-21-041){ref-type="fig"}). ERK is considered to be critical for inducible expression of Nrf2; therefore, we examined whether pharmacologic inhibitor of ERK could suppress the activation of Nrf2 in hyperoside-treated cells. The hyperoside-induced protein expression were inhibited by U0126, a pharmacological inhibitor of MEK upstream of ERK ([Fig. 4B](#f4-jcp-21-041){ref-type="fig"}). Also, the increased HO-1 level in hyperoside-treated cells was inhibited by U0126 ([Fig. 4C](#f4-jcp-21-041){ref-type="fig"}).

4.. Protective effect of hyperoside via heme oxygenase-1 induction against oxidative stress
-------------------------------------------------------------------------------------------

Cell viability was significantly suppressed in hydrogen peroxide-treated cells, but hyperoside treatment recovered the reduced cell viability ([Fig. 5A](#f5-jcp-21-041){ref-type="fig"}). Because HO-1 is considered to be critical for removal of hydrogen peroxide, we examined whether selective inhibition of HO-1 could affect cell viability. When cells were co-treated with hyperoside and the HO-1 inhibitor ZnPP, cell viability was decreased compared to only hyperoside-treated cells ([Fig. 5B](#f5-jcp-21-041){ref-type="fig"}).

DISCUSSION
==========

The present study demonstrated that hyperoside had protective effects against oxidative stress induced by hydrogen peroxide in HLE-B3 cells. Hyperoside increased the viability of hydrogen peroxide-exposed cells ([Fig. 5A](#f5-jcp-21-041){ref-type="fig"}). A low concentration of ROS may have benefits, such as intracellular messenger. By contrast, the inadequate removal of ROS and higher amounts of ROS may be harmful to organisms. Unbalanced ROS production has been postulated to play a pathological role in cancer, allergies, cardiological and vessel injuries, metabolic malfunctions, neuro-degenerative diseases, and ophthalmologic problems.[@b6-jcp-21-041] Therefore, we investigated whether the protective effect of hyperoside is due to a reduction in ROS, which is associated with antioxidant enzymes, especially HO-1. HO is the rate-limiting enzyme and has three isoforms, namely, HO-1, HO-2, and HO-3. HO-1, known as heat shock protein 32, is highly inducible by some stimuli. HO degrades heme into biliverdin, carbon monoxide, and iron. Biliverdin is subsequently converted into bilirubin by biliverdin reductase. HO-1 is induced as a protective mechanism in response to various stimuli; therefore, targeted induction of this stress response enzyme may be considered to be an important therapeutic strategy for protection against oxidative tissue damage.[@b9-jcp-21-041],[@b12-jcp-21-041] Transfection of the human HO-1 gene into rabbit ocular tissues in vivo demonstrated that it could be a promising means for protecting against oxidative stress that contributes to the pathogenesis of cataracts, light-induced injury, age-related macular degeneration, and diabetic retinopathy.[@b14-jcp-21-041]

There is much evidence that food-derived antioxidants can reduce oxidative stress-induced damage by increasing the levels of cellular defense enzymes. For example, quercetin plays a role in inhibition of hydrogen peroxide-induced cataracts.[@b15-jcp-21-041] Hyperoside is a galactose-conjugated form of quercetin. Quercetin-induced HO-1 production increases in a time- and dose- dependent fashion, and this regulation occurs at both the transcriptional and translational levels.[@b16-jcp-21-041],[@b17-jcp-21-041] However, some studies revealed that other glycosides of quercetin, such as rutin and quicitrin, do not induce HO-1.[@b16-jcp-21-041],[@b18-jcp-21-041] In the present study, the mRNA and protein expression of HO-1 increased in a time- and dose-dependent manner in hyperoside-treated cells ([Fig. 2](#f2-jcp-21-041){ref-type="fig"}). A number of intracellular signaling molecules are involved in regulating the induction of HO-1, including activator protein-1, nuclear factor-κB, and Nrf2.[@b19-jcp-21-041]--[@b22-jcp-21-041] Nrf2, a 66 kDa protein and a member of the Cap'n'Collar family of bZIP transcription factors, plays an important role in ARE-mediated expression of phase II detoxifying antioxidants.[@b23-jcp-21-041] Nuclear translocation of Nrf2 and its ARE-binding activity were increased after 3 hours of hyperoside treatment ([Fig. 3](#f3-jcp-21-041){ref-type="fig"}). ERK was phosphorylated maximally at 30 minutes in hyperoside-treated HLE-B3 cells ([Fig. 4A](#f4-jcp-21-041){ref-type="fig"}). When cells were pretreated with a pharmacological inhibitor of ERK for 30 minutes, both Nrf2-ARE signaling and HO-1 induction were decreased ([Fig. 4B and 4C](#f4-jcp-21-041){ref-type="fig"}). This study suggested that ERK and Nrf2-ARE signaling are upstream of HO-1. The HO-1 inhibitor, ZnPP, decreased cell viability recovered by hyperoside treatment in hydrogen peroxide-treated cells ([Fig. 5B](#f5-jcp-21-041){ref-type="fig"}).

In summary, hyperoside increased expression of HO-1 and protected cells against hydrogen peroxide-induced cytotoxicity. Furthermore, hyperoside significantly induced ERK phosphorylation and Nrf2-ARE binding. This process may contribute to protect cell against oxidative stress-induced cell damage.
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![Chemical structure of hyperoside (quercetin-3-D-galactoside).](jcp-21-041f1){#f1-jcp-21-041}

![Hyperoside upregulates mRNA and protein expression of heme oxygenase-1 (HO-1) in human lens epithelial cells. Cells were treated (A, B) with 100 μM hyperoside for various amounts of time or (C, D) with different concentrations of hyperoside for 4 and 12 hours to detect mRNA and protein expression of HO-1, respectively. (A, C) Reverse transcriptase-PCR and (B, D) Western blot analyses were conducted to measure the induced mRNA and protein expression. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and actin bands are shown to confirm the equal loading of RNA and protein, respectively.](jcp-21-041f2){#f2-jcp-21-041}

![Hyperoside induces nuclear factor erythroid 2-related factor-2 (Nrf2) in human lens epithelial cells. (A) Nuclear extracts were prepared from cells after treatment with hyperoside for the indicated amount of time. Immunoblots of the nuclear lysates of hyperoside-treated cells were probed with an Nrf2-specific antibody. (B) Nuclear extracts prepared from hyperoside-treated cells for the indicated amount of time were subjected to the electrophoretic mobility shift assay to measure the antioxidant response element (ARE)-binding activity of Nrf2. (C) Cells were transfected with the control vector, the ARE-luciferase construct, and the GC-mut-Luc construct. After 8 hours, cells were treated with hyperoside for 12 hours, cell lysates were mixed with a luciferase substrate, and luciferase activity was measured using a luminometer. Results are expressed as the mean ± SE, \**P \<* 0.05. (D) Cells were treated with hyperoside for 3 hours and immunocytochemistry was performed to investigate the nuclear translocation of Nrf2.](jcp-21-041f3){#f3-jcp-21-041}

![Hyperoside upregulates heme oxygenase-1 (HO-1) expression via nuclear factor erythroid 2-related factor-2 (Nrf2) and phosphorylation of extracellular signal-regulated kinase (ERK). (A) Cells were treated with hyperoside for various amounts of time. Western blot analysis was performed to measure the activation of ERK protein (B,C) Cells were pre-incubated with the inhibitor U0126 for 1 hour and then treated with hyperoside for 12 hours. The levels of (B) nuclear Nrf2 and (C) HO-1 were analyzed by Western blotting.](jcp-21-041f4){#f4-jcp-21-041}

![Hyperoside inhibits hydrogen peroxide-induced cell death. Cells were pretreated (A) with hyperoside (100 μM) or (B) hyperoside and ZnPP (10 μM) for 12 hours and then incubated with 100 μM hydrogen peroxide for 12 hours. Cell viability was measured by MTT assay as described in the Materials and Methods. Results are expressed at the mean ± SE, \**P \<* 0.05.](jcp-21-041f5){#f5-jcp-21-041}
